The mammalian testis is an immunoprivileged organ where local tissue-specific cells acquire an effective innate immune function against invading microbial pathogens. The present study demonstrated that mouse Leydig cells had innate antiviral activities in response to viral DNA challenge through p204 activation. The DNA sensor p204 and its signaling adaptor stimulator of interferon (IFN) 
INTRODUCTION
As an immunoprivileged organ, the testis has a special immune microenvironment. The systemic immune responses to both alloantigens and autoantigens are remarkably reduced in the testis [1] . To overcome this privilege and elicit appropriate local responses against invading microbial pathogens, the testicular cells have acquired effective innate immunity in response to the microbial challenges. However, microbial infection is one of the etiological factors causing male infertility [2] . The testis can be infected by different virus types that may perturb male fertility and facilitate testicular cancer [3] . Therefore, understanding the mechanisms underlying the testicular innate antiviral response would aid in developing strategies to protect the testis from viral infection.
Pattern recognition receptors (PRRs) can recognize conserved pathogen-associated molecular patterns (PAMPs) of pathogens and initiate innate immune response against invading microbes [4] . Several subfamilies of PRRs have been identified, including Toll-like receptors (TLRs), retinoic acidinducible gene I (RIG-I)-like receptors (RLRs), nucleotide oligomerization domain-like receptors, and cytosolic DNA sensors [5] . These PRRs can be recognized by PAMPs from diverse pathogens, including bacteria, viruses, fungi, and parasites [4] . Various PRRs, including TLRs, RLRs, and DNA sensors, can be recognized by viral nucleic acids and initiate antiviral responses [6] . The role of TLRs in initiating innate immune responses in murine testicular cells has been revealed [7] . TLR2, TLR3, TLR4, and TLR5 initiate the innate immune response in Sertoli cells [8] [9] [10] [11] . TLR3 and TLR4 are functional in Leydig cells [12] . The expression and function of TLR3 and TLR11 in male germ cells have been recently reported [13, 14] . We demonstrated that two RLR members, RIG-I and melanoma differentiation-associated protein 5 (MDA5), initiate innate antiviral responses in mouse Leydig cells and germ cells after challenge with RNA virus product [15] . A rapidly growing list of cytosolic DNA sensors, including DNA-dependent activator of interferon (IFN)-regulatory factors (DAI), RNA polymerase III (Pol III), cGMP-AMP synthase (cGAS), and IFN-inducible protein 16 (p204 in mouse), recognize viral DNA and initiate innate immune response against DNA viruses [16] [17] [18] [19] . Although various DNA viruses may infect the testis, DNA sensorinitiated antiviral responses in the testis remain unclear.
Recognition of DNA viruses by cytosolic DNA sensors leads to IFN-regulatory factor 3 (IRF3) activation, thereby inducing type I IFN (IFNA and IFNB) production [20] . The signaling adaptor stimulator of IFN genes (STING) is necessary to mediate DNA sensor-initiated antiviral signaling [21] . The primary response is PRR-mediated type I IFN production, which subsequently induces the broad spectrum of antiviral proteins in the infected cells and sculpts systemic adaptive immunity against viruses [22] . Several IFN-induced antiviral proteins have been well defined. Among them, IFNstimulated gene 15 (ISG15), 2 0 5 0 -oligoadenylate synthetase (OAS1), and Mx glutamyl transpeptidase 1 (MX1) individually amplify antiviral signaling, degrade viral RNA, and block viral RNA transcription [23] .
The mammalian testis comprises two compartments, the seminiferous tubules and the interstitial compartments. The seminiferous tubules are surrounded by peritubular myoid cells and composed of developing germ cells embraced by Sertoli cells. The interstitial compartments are composed of a large number of Leydig cells and various immune cells with predominant resident testicular macrophages, as well as minor fibroblasts, pericytes, and other leukocytes. Although the macrophages in the interstitium are believed to constitute a front line of the defense against invading pathogens [24] , the testicular macrophages predominantly produce anti-inflammatory factors and exhibit immunosuppressive phenotypes for commitment to the immunoprivileged status [25] . By contrast, the circulating monocytes and macrophages can be infiltrated into the interstitial spaces of the testis upon pathogen stimulation and have proinflammatory phenotypes. Moreover, the testis-specific cells, including somatic cells and germ cells, possess effective innate immune functions. Viral RNA sensors, including TLR3 and RLRs, initiate the innate antiviral response in the testicular cells [10, 12, 13, 15] . Although various DNA viruses such as herpes simplex virus (HSV) may infect the testis [26] , the testicular response to DNA virus infection has not been investigated. The present study examines the expression and function of cytosolic DNA sensors in mouse Leydig cells.
MATERIALS AND METHODS

Animals
C57BL/6 mice were purchased from the Laboratory Animal Center, Chinese Academy of Medical Sciences (Beijing, China). The mice were inbred under pathogen-free conditions with adequate nutrition (food and water ad libitum) and a consistent light cycle (12L:12D). The mice were treated in accordance with the Guidelines for the Care and Use of Laboratory Animals approved by the Chinese Council of Animal Care.
Antibodies and Major Reagents
Rabbit anti-p204 (ab104409), anti-STING (ab179775), anti-DAI (ab81526), and anti-OAS1 (ab86343) polyclonal antibodies were purchased from Abcam (Cambridge, U.K.). Rabbit anti-phospho-IRF3 (No. 3661) and anti-ISG15 (No. 2743) polyclonal antibodies were purchased from Cell Signaling Technology (Beverly, MA). Rabbit anti-IRF3 (sc-9082) and anti-MX1 (sc-50509) polyclonal antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Synthetic herpes simplex virus DNA analog (HSV60) (tlrl-hsv60n) and BX795 (tlr-bx7) were purchased from InvivoGen (San Diego, CA). Small interfering RNAs (siRNAs) targeting mouse p204 (sc-40700) and Sting (sc-154411) and control siRNA (sc-37007) were purchased from Santa Cruz Biotechnology.
Isolation and Culture of Testicular Cells
The testicular cells, including Leydig cells, Sertoli cells, and germ cells, were isolated from 5-wk-old mice based on previously described procedures [12, 27] . Briefly, mice were killed by cervical dislocation after anesthetization with carbon dioxide. For each isolation, the testes of three mice were decapsulated and incubated with 0.5 mg/ml collagenase type I (Sigma, St. Louis, MO) at room temperature for 15 min with gentle oscillation. The suspensions were filtered through 80-lm copper meshes to separate the interstitial cells and the seminiferous tubules. The interstitial cells were collected in F12/Dulbecco modified Eagle medium (DMEM) (Life Technologies, Grand Island, NY) supplemented with 1.2 mg/ml sodium bicarbonate, 100 U/ml penicillin, 100 mg/ml streptomycin, and 10% fetal calf serum (FCS) (Life Technologies). The cells were incubated in a humidified atmosphere with 5% carbon dioxide at 328C for 30 min to allow the testicular macrophages to adhere on the culture dishes. Nonadherent and loosely adherent cells (mostly Leydig cells) were collected by gently rinsing the culture dishes twice with medium. The cells were cultured for 48 h for Leydig cell proliferation and then treated with 0.125 g/ml trypsin for 5 min. Most Leydig cells can be detached, whereas minor contaminated macrophages remain adherent during this treatment. Leydig cells were replated for transfection. The Leydig cell purity was more than 92% based on staining for 3b-hydroxysteroid dehydrogenase, a marker of Leydig cells [28] .
The seminiferous tubules were resuspended in collagenase type I at room temperature for an additional 15 min to remove the peritubular myoid cells. The tubules were cut into small pieces (approximately 1 mm) and then incubated with 0.5 mg/ml hyaluronidase (Sigma) at room temperature for 10 min with gentle pipetting to separate Sertoli cells and germ cells. The cell suspensions were cultured in F12/DMEM at 328C for 6 h. The germ cells were recovered by collecting nonadherent cells. The germ cell purity was more than 95% based on the nuclear morphology analysis after staining with 4 0 ,6-diamidino-2-phenylindole (DAPI) [13] . Sertoli cells were cultured for an additional 24 h and then treated with a hypotonic solution (20 mM Tris, pH 7.4) for 1 min to remove germ cells adhering to Sertoli cells. The purity of Sertoli cells was more than 95% based on immunostaining for Wilms tumor nuclear protein 1, a marker of Sertoli cells [29] .
Isolation of Macrophages
The resident peritoneal macrophages were isolated based on a previously described procedure [30] . Briefly, the peritoneal cavities of 5-wk-old male mice were lavaged with 5 ml ice-cold 13 PBS. The peritoneal cavity cells were cultured in RPMI 1640 medium (Life Technologies) supplemented with 100 U/ ml penicillin, 100 mg/ml streptomycin, and 10% FCS in a humidified atmosphere containing 5% carbon dioxide at 378C. After 24 h, nonadherent cells were removed by washing twice with PBS. Macrophage purity was greater than 90% based on immunostaining for F4/80, a marker of macrophages [31] .
Transfection
Leydig cells were seeded in six-well plates at a density of 5 3 10 5 cells/well and cultured for 24 h. The cells were starved in serum-free F12/DMEM for 2 h and then transfected in 1 ml medium containing 2 lg/ml HSV60 and 2 ll lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. In the experiments for gene silencing with siRNA, the cells were seeded in six-well plates at a density of 2 3 10 5 cells/well. After 24 h, the cells were transfected with 50 nM siRNA. Twenty-four hours later, the cells were transfected with HSV60.
Real-time Quantitative RT-PCR
Total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. The RNA was treated with RNase-free DNase I (Invitrogen) to remove genomic DNA contamination. The absence of genomic DNA was confirmed by PCR amplification of b-actin before RT. The RNA (1 lg) was reverse transcribed into cDNA in a 20-ll reaction mixture containing 2.5 lM random hexamers, 2 lM deoxynucleotide triphosphates, and 200 U Moloney murine leukemia virus RT (Promega, Madison, WI). The PCR was performed in a 20-ll reaction system containing 0.2 ll cDNA, 0.5 lM forward and reverse primers each, and 10 ll 23 Power SYBR Green PCR Master Mix (Life Technologies) using an ABI PRISM 7300 real-time cycler (Applied Biosystems, Foster City, CA). Relative mRNA levels of target genes normalizing to b-actin were given by 2
ÀDDCt using the comparative threshold cycle method described in Applied Biosystems User Bulletin No. 2 (P/N 4303859) based on a previous study [32] . The primer pairs and template amounts were used for obtaining reaction efficiencies between 90% and 100%. The primer pairs for PCRs are listed in Table 1 .
Western Blot Analysis
Cells or tissues were lysed using a lysis buffer (C1053; Applygen Technologies Inc., Beijing, China). The protein concentration of the lysates was determined using the bicinchonic acid protein assay kit (Pierce Biotechnology, Rockford, IL). Equal amounts of proteins (20 lg) were separated on a 10% SDS-PAGE gel and subsequently electrotransferred onto polyvinyl difluoride membranes (Millipore, Bedford, MA). After blocking in Tris-buffered saline (TBS, pH 7.4) containing 5% nonfat milk for 1 h at room temperature, the membranes were incubated with the primary antibodies overnight at 48C. The membranes were washed twice with TBS containing 0.1% Tween-20 and incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (Zhongshan Biotechnology Co., Beijing, China) at room temperature for 1 h. Antigen-antibody complexes were visualized using an enhanced chemiluminescence detection kit (Zhongshan Biotechnology Co.). ImageJ software (http://rsb.info.nih.gov/ij) was used to quantify the band intensities.
Immunofluorescence Staining and Immunohistochemistry
For indirect immunofluorescence staining, cells cultured on Lab-Tek chamber slides (Nunc, Naperville, IL) were fixed with precold methanol at À208C for 3 min and subsequently permeabilized with 0.2% Triton X-100 in 13 PBS for 15 min. After blocking with 10% normal goat serum in PBS for 30 min at room temperature, the cells were incubated with the primary antibodies for 1 h at 378C in a humid chamber. The cells were then washed three times with PBS and incubated with fluorescein isothiocyanate-conjugated secondary antibodies (Zhongshan Biotechnology Co.) for 30 min at 378C. Negative controls were incubated with preimmune rabbit serum instead of the primary antibodies. After costaining with DAPI, the cells were mounted with a mounting solution (Vector Laboratories, Inc., Burlingame, CA) for observation under a fluorescence microscope (IX-71; Olympus, Tokyo, Japan).
For histological immunofluorescence staining, the testis was fixed in 4% paraformaldehyde for 24 h. After cryoprotection in 30% sucrose, frozen sections were cut to a thickness of 7 lm using the Leica CM1950 (Leica ZHU ET AL.
Biosystems, Nussloch, Germany). The sections were incubated with 13 PBS containing 3% hydrogen peroxide for 15 min to inhibit the endogenous peroxidase activity. After blocking with 5% preimmune rabbit serum in PBS for 1 h at room temperature, the sections were incubated with primary antibodies overnight at 48C. After rinsing with PBS, the sections were incubated with tetramethylrhodamine isothiocyanate-conjugated anti-rabbit IgG antibodies (Zhongshan Biotechnology Co.) at room temperature for 30 min. The sections were costained with DAPI.
For immunohistochemistry, after incubation with primary antibodies, the frozen sections were incubated with HRP-conjugated secondary antibodies (Zhongshan Biotechnology Co.) at room temperature for 30 min. The HRP activity was visualized using the diaminobenzidine method. Negative controls were incubated with the preimmune rabbit serum instead of the primary antibodies.
ELISA Assay
The primary Leydig cells were cultured in six-well plates at a density of 5 3 10 5 cells and transfected with HSV60 in a serum-free F12/DMEM medium. At 24 h after HSV60 transfection, the cytokine levels in the culture medium were measured using the following ELISA kits according to the manufacturer's instructions: mouse IFNA Platinum ELISA (BMS6027; eBioscience, San Diego, CA), IFNB mouse ELISA kit (KMC4041; Life Technologies), and testosterone rat/mouse ELISA kit (DEV9911; Demeditec, Kiel-Wellsee, Germany). For all ELISA kits, the limit of detection was 7 pg/ml, and intraassay variation and interassay variation were less than 5% and 10%, respectively.
Injection of HSV60 into the Testis
Mice were anesthetized with pentobarbital sodium (50 mg/kg), and the testes were surgically exposed. One testis was injected with 10 ll 13 PBS containing 0.3 lg HSV60 and 1 ll lipofectamine RNAiMAX, and the other one was injected with an equal volume of PBS containing 1 ll lipofectamine RNAiMAX as a control. The testes were recovered at appropriate time points for different assays.
Statistical Analysis
Data are presented as mean 6 SEM. At least three independent experiments were performed, and each experiment was repeated twice. Student t-test was used to determine the significance between treatments. One-way ANOVA with Bonferroni correction was used for multiple comparisons. The data were analyzed using SPSS version 11.0 statistical software (SPSS Inc., Chicago, IL), and P , 0.05 was considered statistically significant.
RESULTS
Expression of Cytosolic DNA Sensors in Leydig Cells
The expression of major cytosolic viral DNA sensors, including p204, DAI, cGAS, Pol III, and their common adaptor STING, was examined in the testis in comparison with the peritoneal macrophages from the same mice. Real-time quantitative RT-PCR results showed that the testis and macrophages constitutively express p204 and Sting at comparable levels (Fig. 1A) . By contrast, Dai, cGas, and Pol III mRNA levels were relatively low in the testis compared with the macrophages. The testicular cell-specific expression analysis showed that the p204 mRNA level in Leydig cells is relatively high compared with Sertoli cells, germ cells, and even peritoneal macrophages (Fig. 1B) . By contrast, Sting was expressed at a comparable level in the different testicular cells. The expression of p204 and STING in the testicular cells and macrophages was detected at protein levels using Western blot (Fig. 1C) . Histological immunofluorescence staining confirmed that p204 is predominantly expressed in the interstitial cells (asterisks in Fig. 1 ). By contrast, STING was ubiquitously distributed in all testicular cells (data not shown). Indirect immunofluorescence staining on the primary interstitial cells (Fig. 1E) showed that p204 is located in both the cytoplasm and nuclei of macrophages (F4/80 þ , arrow) and Leydig cells (F4/80 À , arrowhead).
HSV60 Induces Innate Antiviral Response in Leydig Cells
The DNA sensor p204 can recognize HSV60, thereby initiating an innate antiviral response [33] . To determine whether p204 is functional in Leydig cells, we examined the innate antiviral response in Leydig cells after transfection with HSV60. Real-time quantitative RT-PCR results showed that HSV60 transfection significantly upregulates p204 and Dai expression in a time-dependent manner ( Fig. 2A) . The peaks of p204 and Dai mRNA levels were observed at 18 h after HSV60 transfection. By contrast, cGas, Pol III, and Sting expression levels were not affected by HSV60 transfection (Fig. 2A, right) . The upregulation of p204 and DAI was confirmed at protein levels using Western blot (Fig. 2B) . Notably, HSV60 dramatically induced Ifna and Ifnb expression (Fig. 2C) . Plateau mRNA levels appeared at 6 and 8 h after HSV60 transfection. ELISA results showed that HSV60 significantly induces IFN secretion in culture medium at 24 h after transfection (Fig. 2D) . Major antiviral proteins, including Isg15, Oas1, and Mx1, were also dramatically upregulated after HSV60 transfection (Fig. 2E) . The highest mRNA levels were detected at 16 and 24 h after transfection. Western blot results confirmed the upregulation of ISG15, OAS1, and MX1 at protein levels in Leydig cells at 24 h after transfection (Fig.  2F) . The treatment of cells with lipofectamine RNAiMAX alone did not affect gene expression (data not shown). 
IRF3 Activation
Given that p204 signaling induces type I IFN expression via IRF3 activation [6] , we examined IRF3 activation in Leydig cells. The HSV60 efficiently induced IRF3 phosphorylation in a time-dependent manner (Fig. 3A) . Phospho-IRF3 (p-IRF3) was detected at 1 h after HSV60 transfection. The p-IRF3 level peaked at 2 h and declined at 3 h. The p-IRF3 must translocate into nuclei to induce IFN expression. Indirect immunofluorescence staining showed that IRF3 translocates into the cell nuclei in a time-dependent manner (Fig. 3B) . More than 90% of nuclei were IRF3 positive at 2 h after HSV60 transfection.
To clarify the involvement of IRF3 activation in the antiviral response, we examined the effect of IRF3 activation inhibitor (BX795) on HSV60-induced IFN and antiviral protein expression. A 2-h pretreatment of the cells with BX795 significantly inhibited the HSV60-induced p-IRF3 level (Fig.  3C) . Accordingly, BX795 significantly suppressed HSV60-induced IFN production (Fig. 3D) . Antiviral protein levels were also significantly reduced by BX795 (Fig. 3E) . The results imply that IRF3 activation is required for the HSV60-induced antiviral response in Leydig cells.
Role of the p204 Signaling Pathway in the HSV60-Induced Antiviral Response
To demonstrate the involvement of the p204 signaling pathway in the HSV60-induced antiviral response, p204 and Sting were knocked down by specific siRNA. Each siRNA reduced more than 70% of the target gene mRNA levels at 24 h after transfection (Fig. 4A) . Accordingly, the protein levels of the target genes were significantly reduced by siRNAs (Fig.  4B ). An siRNA targeting a scrambled sequence was used as a control. At 24 h after siRNA transfection, the cells were transfected with HSV60. The pretreatment of cells with siRNA targeting p204 or Sting significantly reduced the p-IRF3 level at 2 h after HSV60 transfection (Fig. 4C) . Accordingly, sip204 or siSting significantly inhibited HSV60-induced IFN production (Fig. 4D) . Antiviral protein levels were also dramatically decreased by specific siRNAs (Fig. 4E) . Notably, knockdown of Sting resulted in more severe inhibition on the HSV60-induced innate antiviral response compared with knockdown of p204.
HSV60 Does Not Affect Testosterone Synthesis
To determine whether HSV60 affects steroidogenesis, we examined the expression of the critical steroidogenic enzymes, including cytochrome P450 side-chain cleavage (P450scc), cytochrome P450 17a-hydroxylase (P45017aOH), and 3b-hydroxysteroid dehydrogenase (HSD3B). The mRNA levels of the enzymes were not apparently affected by HSV60 in Leydig cells at 12 and 24 h after transfection (Fig. 5A) . Accordingly, HSV60 did not affect testosterone synthesis at basal conditions (Fig. 5B, left) . Also, HSV60 did not affect 8-bromoadenosine- ZHU ET AL.
cAMP-induced testosterone production in Leydig cells (Fig.  5B, right) .
HSV60 Induces the Testicular Innate Antiviral Response In Vivo
To investigate the DNA sensor-initiated testicular antiviral response in vivo, a mixture of HSV60 and lipofectamine RNAiMAX was locally injected into the testis. The HSV60 injection efficiently induced IRF3 phosphorylation (Fig. 6A) . As a control, injection of the testis with lipofectamine RNAiMAX alone did not induce IRF3 phosphorylation. Accordingly, IFNA and IFNB levels were significantly increased in the testis at 24 h after HSV60 injection (Fig.  6B) . The expression of the antiviral proteins was also significantly upregulated by HSV60 injection (Fig. 6C) . Immunohistochemistry showed that OAS1 and IFN-b were predominantly located in the interstitial cells (asterisks) after HSV60 injection (Fig. 6D) . Similarly, IFNA, OAS1, and MX1 were upregulated in the interstitial cells after HSV60 injection (data not shown). Consistent with the observations in vitro, the steroidogenic enzyme expression and the testosterone level in the testis were not apparently affected by HSV60 injection (data not shown).
DISCUSSION
Although the mammalian testis is an immunoprivileged site, this organ can be infected by microbial pathogens from circulating blood and the ascending genitourinary tract. The   FIG. 2 . The HSV60-induced innate antiviral responses. A) Expression of DNA sensors. Leydig cells were transfected with 2 lg/ml HSV60 for the specified durations. Relative mRNA levels of p204, Dai, cGas, Pol III, and Sting were analyzed using real-time quantitative RT-PCR. B) Leydig cells were lysed at 24 h after HSV60 transfection. The protein levels of p204 and DAI in the cell lysates were determined by Western blot. C) The IFN expression. Leydig cells were transfected with HSV60 for the indicated durations. The mRNA levels of Ifna and Ifnb were analyzed using real-time quantitative RT-PCR. D) Cytokine secretion in culture medium. At 24 h after HSV60 transfection, the IFN levels in culture medium were measured using ELISA. ND, not detectable. E) Expression of antiviral proteins. At the indicated time points after HSV60 transfection, the relative mRNA levels of Isg15, Oas1, and Mx1 were determined using quantitative RT-PCR. F) Protein levels of the antiviral proteins. At 24 h after HSV60 transfection, the protein levels of the antiviral proteins in the cell lysates were determined using Western blot. The cells transfected with lipofectamine RNAiMAX alone were used as a control (Ctrl). bActin was used as a standard control for both mRNA and protein analyses. Western blot images represent at least three independent experiments. Data are presented as mean 6 SEM. **P , 0.01.
TESTICULAR ANTIVIRAL RESPONSE local cell-initiated innate immune response has important functions in the defense against microbial invasion. Microbial infections in the testis may cause orchitis and orchitisepididymitis, which are relevant factors in male infertility and subfertility [2, 34, 35] . The human testis can be infected by a wide range of RNA and DNA viruses such as mumps virus [36] , HSV [37] , papilloma virus [38] , and adeno-associated virus [39] , which are associated with male subfertility and may lead to the sexual dissemination of some pathogens. However, orchitis caused by natural microbial infections has not been found in murines, suggesting that the murine testis has a more effective defense system against the invading pathogens. Therefore, understanding the mechanisms underlying the innate immune response in the murine and human testes may provide strategies to develop preventive and therapeutic approaches to orchitis. The present study investigated the cytosolic DNA sensor-initiated antiviral response in the mouse testis. The list of known DNA sensors is rapidly growing, and several of their members, including p204, DAI, cGAS, and Pol III, initiate type I IFN-dependent antiviral response to DNA viral challenge [40, 41] .
We demonstrated that mouse Leydig cells constitutively express p204, which is located in both the cytoplasm and nuclei of Leydig cells. This distribution of p204 can be modulated by protein acetylation [42] . As a synthetic analog of HSV genomic DNA, HSV60 triggers an innate antiviral response mimicking HSV through recognition of p204 [33] . Although we also detected p204 in the testicular interstitial macrophages, we focused our present study on the p204-initiated antiviral response in Leydig cells based on the following two reasons: (1) Leydig cells represent most (.80%) of the interstitial cells in mice, and the DNA sensor-initiated innate antiviral response in the Leydig cells has not been investigated to date. (2) The p204 function in the macrophages from other sources has been extensively investigated, and p204 should be obviously functional in testicular macrophages. The p204 expression in Leydig cells was further upregulated by HSV60. Also, DAI is dramatically upregulated by HSV60 transfection, although it is faintly expressed in Leydig cells at basal conditions. The upregulation of the DNA sensors would amplify antiviral responses in Leydig cells. We did not demonstrate a role for DAI in the innate antiviral response in Leydig cells. The observation that the treatment of cells with siSting exhibited more inhibition on the antiviral response than siP204 suggests that other DNA sensors are involved in the HSV60-induced response in Leydig cells. This study expanded our understanding of the antiviral response in Leydig cells to DNA viral challenge, in addition to our recent finding that viral double-stranded RNA sensors, including TLR3, MDA5, and RIG-I, initiate an innate antiviral response in mouse Leydig cells [12, 15] .
Type I IFN production is the primary response to viral infection [43] . Interferons IFNA and IFNB have important functions in the host defense against viral infection through the induction of antiviral proteins in the infected cells and the facilitation of systemic adaptive immune responses [44] . The present study demonstrated that the antiviral proteins, including ISG15, OAS1, and MX1, are dramatically upregulated by HSV60 in Leydig cells through p204 signaling, which would favor the elimination of viruses within the cells. The upregulation of the antiviral proteins could be attributable to type I IFN production because these antiviral proteins can be induced by IFNA and IFNB in the testicular cells [23] . The induction of the antiviral proteins appeared later than the IFN expression in Leydig cells after HSV60 transfection, suggesting that IFNA and IFNB may induce the antiviral protein . Leydig cells were transfected with HSV60 or with HSV60 after a 2-h preincubation with 1 lg/ml BX795. At 2 h after transfection, the cell lysates were subjected to Western blot to probe the p-IRF3 and total IRF3 using specific antibodies. D) Cytokine secretion. Leydig cells were treated as in C. At 24 h after HSV60 transfection, the media were measured for IFN concentration using ELISA. ND, not detectable. E) Expression of antiviral proteins. At 24 h after treatment as in C, the antiviral proteins in Leydig cells were determined using Western blot. Images represent at least three independent experiments, and data are presented as mean 6 SEM. *P , 0.05, **P , 0.01. (Fig. 3B) . (4) The IFNB and OAS1 were induced in Leydig cells (Fig. 6D) .
Although various PRRs initiate innate antiviral responses, they trigger different signaling pathways [45] . Recognition of TLRs by viruses triggers myeloid differentiation protein 88 (MyD88)-dependent and/or Toll/IL-1 receptor domain-containing adaptor inducing IFNB-dependent pathways. The RLRs   FIG. 4 . Effect of silencing p204 and Sting on HSV60-induced antiviral responses. A and B) Knockdown of p204 and Sting using specific siRNA. Leydig cells were transfected with individual siRNA targeting a scrambled sequence (siCtrl), p204 (sip204), and Sting (siSting). At 24 h after transfection, p204 and Sting mRNA levels were assessed by real-time quantitative RT-PCR (A), and their protein levels were determined using Western blot (B). C) The IRF3 activation. Leydig cells were transfected with the indicated siRNAs. Twenty-four hours later, the cells were transfected with HSV60. The p-IRF3 and total IRF3 were determined by Western blot at 2 h after HSV60 transfection. D) The IFN secretion. Leydig cells were treated as described in C. At 24 h after HSV60 transfection, IFNA and IFNB levels in medium were measured using ELISA. E) Antiviral protein expression. Leydig cells were treated as described in C. At 24 h after transfection, the antiviral protein levels in cell lysates were determined using Western blot. Images represent at least three experiments. Data are presented as mean 6 SEM. *P , 0.05, **P , 0.01. TESTICULAR ANTIVIRAL RESPONSE initiate antiviral response through IFNB promoter stimulator 1-dependent signaling. The DNA sensors signal through the adaptor STING. These signaling pathways may induce the expression of different cytokines in different cell types [46] . We recently demonstrated that TLR and RLR signaling induces proinflammatory cytokines such as tumor necrosis factor a (TNF-a) and IFNA and IFNB in mouse Leydig cells [12, 15] . While IFNA and IFNB are critical in the defense against viruses, the augmentation of TNF-a may be harmful to the tissue functions. In fact, proinflammatory cytokines, particularly TNF-a, inhibit androgen synthesis in Leydig cells [47, 48] . We recently demonstrated that TLR signaling inhibits testosterone synthesis in Leydig cells, possibly caused by increased TNF-a [12] . Increased TNF-a level in orchitis also induces germ cell apoptosis [49] . In the present study, although IFNA and IFNB were dramatically upregulated in Leydig cells by HSV60, we did not observe TNF-a upregulation (data not shown). Notably, p204-initiated antiviral response did not affect the testosterone synthesis in Leydig cells. The data suggest that the initiation of DNA sensor signaling would be an ideal strategy to counteract viral infection and protect the testicular functions. The results also raise an interesting question of whether the different antiviral pathways are associated with the fact that RNA viruses (e.g., mumps virus) predominantly perturb male fertility compared with DNA viruses [50, 51] . Further studies should assess the effect of different antiviral pathways to relevant viral infection on the testicular functions.
In conclusion, the present study demonstrated that mouse Leydig cells exhibit the antiviral capacities through viral DNA sensor signaling in response to HSV60 stimulation, which would contribute to the testicular defense against DNA virus infection. Notably, p204-initiated innate antiviral responses did not affect the testicular endocrine function. The data describe a complementary mechanism underlying the testicular innate antiviral response.
